This work assessed the influence of the autoregressive model order (ARMO) on the spectral analysis of the heart rate variability (HRV). A sample of 68 R-R series obtained from digital ECG records of young healthy adults in the supine position was used. Normalized spectral indexes for each ARMO were compared by Friedman test followed by the Dunn's procedure and statistical significance was set at P o 0.05. The results showed that the AR method using orders from 9 to 25 produces normalized spectral parameters statistically similar and, hence, the algorithms commonly employed to estimate optimum order are not mandatory in this case.
Introduction
Power spectral analysis of the heart rate variability (HRV) has been used as a non-invasive tool to evaluate the autonomic nervous system modulation on heart rate. From electrocardiographic records, in which R-R intervals are measured beat-tobeat, it is possible to obtain information about how power of the HRV is distributed across frequency. HRV spectrum can be aggregated into three main frequency bands: a high frequency (HF) band (0.15 to 0.4 Hz, corresponding to a parasympathetic component reflecting respiration-mediated HRV), a low frequency (LF) band (0.04 to 0.15 Hz, corresponding to both sympathetic and parasympathetic components and influenced strongly by the oscillatory rhythm of the baroreceptor discharge), and a very low frequency (VLF) band (0.0033 to 0.04 Hz, which may reflect the influence of several physiological mechanisms, including the renin-angiotensin system, vasomotor tone, and thermoregulation [1] [2] [3] [4] on heart beats. Spectral indexes generated from the R-R interval time series provides information related to the neural cardiovascular control. In many clinical conditions, such as diabetes [5] [6] [7] [8] , hypertension [9] , heart failure [10, 11] , and heart disease [12, 13] spectral indexes can be altered. Thus, reduced HRV is a remarkable predictor of cardiac events, including sudden death in coronary artery disease [14] , heart failure [15] , and following myocardial infarction [14, 15] . Therefore, HRV has been increasingly used as a prognostic index as well to monitor treatment results in several diseases affecting the interplay between the autonomic nervous system and heart rate control.
Spectral analysis can be performed by different methods, which are generally classified as non-parametric, such as the Fast Fourier Transform (FFT), and the parametric autoregressive method (AR) [16, 17] . The FFT has the advantage of the low computational cost. However, it has limitations such as a poor spectrum resolution, mainly when short frames of data are used, and leakages. On the other hand, the AR method became popular because it produces a spectrum with better resolution when short data frames are used and the spectrum can be divided into independent components. However, the main difficulty to use this method is the estimation of the optimum model order [18] [19] [20] . Accordingly, some algorithms were proposed to solve this problem, such as the Akaike's information criterion [21] , the Parzen's criterion of autoregressive transfer function [22] , and the Rissanen's minimum description length method [23] . However, it has been argued that these algorithms underestimate the optimum model order [20, 24, 25] . By choosing a specific AR model order (ARMO), two different difficulties may arise. Lower orders can interfere in the correct power estimation of the frequency bands and may produce a different effect in each component, mainly in R-R series of high complexity. Higher orders on the other hand are sensible to spurious peaks and produces over fitting [25, 26] . Recently, it has been suggested that the order of the model should be fixed instead of being estimated independently for each R-R series [20, 24, 26] . Recommendations for computational analysis of HRV are not conclusive [27] , and therefore many controversies still exist about the choice of the optimal model order.
Today the methodologies employed to justify the choice of the model order are qualitative, based on the estimation criteria, or carried out by systematic analysis based on synthetic data [20, [24] [25] [26] [27] [28] . However, the impact of the variation of ARMO on the spectral indexes of HRV was not systematically described in the literature until now. Moreover, the choice of the optimum model order focuses mainly in the prediction error of the power spectrum, instead of evaluating the estimation of the spectral indexes through a wide range of order values. Therefore, the objective of this study was to assess the influence of the ARMO on the power of the spectral components of HRV. To evaluate the impact of the choice of the AR order on spectral indexes, we assessed model order ranging from 8 to 25 in a sample of R-R electrocardiographic series obtained from young healthy volunteers.
Material and methods
Sixty-nine apparently healthy individuals (Military Police) attended to our University Hospital to be submitted to cardiovascular exams before entering a long term exercise program. The protocol was approved by our institutional ethics committee (Ethics Committee in Research of the Center for Health Sciences of Federal University of Espirito Santo-046/07), and all subjects gave written informed consent before participation. Subjects were asked to avoid consumption of coffee and cigarettes 24 h before exams. None of them was under medication use. Blood samples were collected in the morning (7-8am) after a 12-h fasting period and the biochemical parameters (glucose, creatinine, cholesterol, triglycerides) were measured with commercial available kits. The other data (anthropometric variables, blood pressure) were carried out in the afternoon period (1-6 pm). The normal values of glycemia ( o100 mg/dL) and plasma creatinine ( o1.2 mg/dL) in all subjects indicated that none of them was suffering from diabetes and renal disease. Moreover, presence of heart diseases was eliminated since the electrocardiography and echocardiography exams at rest were both normal. An electrocardiogram was continuously recorded (10 min) in each participant in the supine position in a quiet room with controlled temperature (22-24 1C) to HRV analyses. The records were obtained with a digital electrocardiograph (Micromed, sampling rate of 250 Hz), and a dedicated software (Wincardio 4.4a) that generated the series of beat-to-beat R-R intervals from a selected ECG lead with the highest R wave amplitude (usually D2).
HRV analyses were carried out in time and frequency domains using Matlab-customized software validated against the software developed by A. Porta in Italy (Linear Analysis version 8.3, University of Milan, Italy). The R-R series were automatically pre-processed aiming at removing ectopic beats and artifacts. R-R intervals differing more than 20% of the mean R-R interval were removed. A linear interpolation was used in order to replace the removed beats. On the other hand, the R-R series with R-R exclusion greater than 20% were excluded from the analysis. Only one subject was removed using this criterion. Therefore, data were processed for 68 individuals. Time domain analyses included the average of all normal-to-normal intervals (NN); the variance of all NN intervals (variance of NN), standard deviation of all NN intervals (SDNN); the ratio of the number of NN50 intervals and the number of all NN intervals (pNN50), where NN50 is the number of pairs of adjacent NN intervals differing by more than 50 ms; square root of the mean of the sum of the squares of differences between adjacent NN intervals (rMSSD).
Power spectral analysis was carried out in the following steps. NN series were processed in continuous blocks of 10 min; the mean value of the NN series was subtracted from each NN interval measure to remove trend; the autoregressive model was estimated by Yule Walker method considering model orders from 8 to 25. ARMOs below 8 were not considered because the power estimation of the frequency bands, which was based on the residue of the AR poles, generates some null results. The VLF (0-0.04 Hz), LF (0.04-0.15 Hz), and HF (0.15-0.40 Hz) bands were estimated and expressed in absolute values and normalized units, and the LF/HF ratio was also calculated for all ARMOs tested. Normalization consisted of dividing the amount of power of each component by total power minus power of VLF component. LF/HF ratio was obtained dividing the low frequency component by high frequency component [17] . Total power (TP) was calculated by the sum of spectral components expressed in absolute values (VLF (ms 2 )þLF (ms 2 )þHF (ms 2 )) and in normalized units (LF (nu)þHF (nu)).
Additional tests were performed to verify whether the analysis of different parts of the same record could produce different results. For this purpose the records were divided into the following time periods: 0-5 min, 2.5-7.5 min, 5-10 min, 0-10 min. The power spectrum was computed keeping the model order fixed in 16.
Furthermore, we investigated whether the spectral values generated with ARMO fixed in 16 could differ from those determined by the Akaike and Bayesian criteria (AIC and BIC, respectively, ARMOs ranging among [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Finally, the following steps were used for statistical analysis. Data normality was tested by Shapiro Wilk test and variance homogeneity was tested by Levene test. Differences between sexes in demographic and biological baseline characteristics of the individuals were evaluated by two-tailed t-test for unpaired samples (age, stature, body weight, BMI, AC, SBP, DBP, heart rate, total cholesterol, HDL cholesterol, and LDL cholesterol) and by Wilcoxon-rank-sum test (body fat, glycemia, and triglycerides). Comparisons between sexes in the time domain analyses were performed with the two-tailed t-test for unpaired data (average of NN intervals) or the Wilcoxon Rank Sum test (NN variance, SDNN, pNN50, rMSSD). Absolute and normalized values of the spectral components were compared by the Friedman test followed by the Dunn's procedure for multiple comparisons. The intra-subject reproducibility of the data for different ARMOs was evaluated by intraclass correlation coefficient (ICC) using one-way random model [29] as below:
where k is the number of ARMOs, BMS is between-subject mean square, and WMS is within-subject mean square.
We considered data as reproducible if ICC40.60. Reproducibility was designated good for ICC between 0.61 and 0.80 and excellent when higher than 0.80. For all analyses, the level of statistical significance was set at Po0.05. Statistical analyses were performed with SigmaStat 3.11 and SPSS 15.
Results
Demographic and biological baseline characteristics of individuals are shown in Table 1 . Most of the biological characteristics investigated were within normal range. There were no cases of hypertension or obesity (body mass index Z30 kg/m 2 ).
Three individuals were regular smokers and six presented high cholesterol levels ( 4200 mg/dL). Table 2 shows time domain measures of HRV. The only difference found between sexes was observed on the average of NN intervals, lower in women. Fig. 1 illustrates the absolute values of the spectrum components for each ARMO. The statistical analyses (using Friedman test) indicated that the VLF and HF (absolutes) components and, consequently, the TP (total power) were directly affected by the ARMO. However, this influence was observed (according to the Dunn's procedure, see Table 3 ) only for lower model orders (8) (9) (10) (11) (12) for VLF and TP and 8-10 for HF). On the other hand, the absolute values of LF component were less sensitive to the model order, since the only statistical difference observed was between the orders 8 and 25.
It is noteworthy that data normalization eliminated the effect of the ARMO on the power spectrum components (see Fig. 2 ). Thus, normalized LF and HF components were similar regardless the changes in the model order (according to the Friedman test). The same finding was observed for the LF/HF ratio. Nevertheless, a small but significant difference between the orders 8 and 23 was observed in normalized TP (according to the Dunn's procedure). Even though small differences have been observed, the reproducibility of spectral indexes for different ARMOs was excellent (see Table 4 ).
In order to test the stationary phenomena of the R-R time series, we carried out the spectral analysis for all R-R time series at different timeframe keeping the ARMO fixed in 16. For that, the R-R time series were segmented at three different time intervals, as follows: 0-5 min, 2.5-7.5 min, and 5-10 min. The result of this analysis is shown in Table 5 . Small but significant differences in the VLF power were found in different time segments (according to the Friedman test). However, no significant difference was observed in the absolute and normalized components of the spectrum (LF and HF). TP and LF/HF ratio were also similar, indicating that the selected time interval exerts little influence on the spectral indexes. Moreover, reliability analyses with ICC agree with these findings, showing excellent reproducibility for all data (see Table 5 ).
The last test compared the spectral indexes obtained from three different methods: the first has estimated the model order by the Akaike criterion (AIC, using ARMOs among 8 and 25), the second has estimated by the Bayesian criterion (BIC, using ARMOs among 8 and 25), and the third kept the model order fixed in 16. The results are shown in Table 6 . The ARMOs estimated by AIC and BIC criteria produced few different results (according to the Dunn's procedure), limited to the VLF component (BIC) and TP in absolute units (AIC and BIC), when compared with the ARMO fixed in 16. The other spectral indexes were not affected by ARMO.
Discussion
HRV analyses require configuration adjustment of some parameters, such as the R-R time series length, and definition of the model order when the autoregressive method is used in the frequency domain analyses [16] . The choice of these parameters may affect directly spectral components and data interpretation. Since the choice of these parameters has varied widely across different studies [24, 30, 31] , a better understanding of configuration parameters on the frequency domain analyses is required. Thus, to our knowledge no study evaluated until today has the influence of the choice of ARMO on the estimation of spectral indexes as we showed in this study, using an ample range of model orders.
Some previous studies did not agree with the estimation criteria of ARMO giving preference to use a fixed model order. Thus, Scholog et al. [30] used a model order fixed in 3, Ince et al. [31] a model order fixed in 6, and Tarvainen et al. [24] Multiple comparisons of data were performed by Dunn's procedure.
ARMO from a set of short-term R-R time series (32 s and 256 s long), showing that all the four criteria underestimate the ARMO optimum. They concluded that a choice of a fixed ARMO is recommended, and from a qualitative point of view they suggested that the order should be in the range from 16 to 22. Taskforce [16] recommended ARMOs between 8 and 20. Mendez et al. [26] suggested that the ARMOs should be between 8 and 16. In view of this controversy, we decided to carry out a consistent quantitative investigation of the effects of the determination of ARMO on the estimation of the spectral components. Our results clearly showed that the choice of the AR order influences more importantly the absolute spectral values than the normalized spectral values in the HRV analyses. Accordingly, small differences were observed in the absolute values of the spectral components, especially in VLF and HF, and by consequence in TP (absolute). On the other hand, these differences disappeared when values were normalized, since normalization tends to minimize the effect of total power variation on the values of LF and HF components. Moreover, we also observed that reproducibility along the range of orders evaluated was almost perfect. Likewise the spectral analysis was little affected (only VLF component) using different time segments when working with short-term time series. And finally, the use of different methods, such as fixed orders and Akaike and Bayesian criteria, determined small changes in the spectral components, mainly interfering in the VLF component and in the absolute values of total power. Although we have included the VLF component to illustrate the effect of the AR order on the total spectrum, it is known [16] that VLF is constituted by a nonharmonic component, which does not have coherent properties and which is affected by algorithms of baseline or trend removal. Thus VLF assessed from short-term recordings is a dubious measure and should be avoided when interpreting the power spectrum of short-term ECGs.
As the most variables showed similar values in the comparisons among different model orders, we can safely assert that the estimation of optimum model order is not a decisive factor in producing reliable and reproducible values (considering both absolute and normalized spectral indexes) in the short term analyses, mainly when the order is fixed among 13-25. Nevertheless, our study has some limitations. The first is the small number and the great level of homogeneity of subjects used in our study. Therefore, our results should be viewed cautiously when applied to clinical or epidemiological studies. The second is the absence of records during physiological challenges such as orthostatic maneuvers, mental stress, controlled respiration, etc. or in different pathophysiological states like diabetes, hypertension, and heart failure. In some of these conditions, spectral components may suffer large increases or reductions and in some situations even disappearing [14] . Is the reliability and intra-subject reproducibility so high like those observed in our present baseline conditions? More studies are necessary to answer this question.
Conclusions
The findings of our study show by the first time that the selection of the autoregressive model (AR) order may change the absolute values of frequency bands but does not affect significantly normalized LF and HF components, considering the order range most commonly employed for HRV spectral analysis. We can conclude, thus, the criteria for selection the optimal order of the AR model are not mandatory when the HRV analyses are carried out with normalized spectral values. In this case, AR order in the range from 9 to 25 can be used without affecting significantly the normalized spectral indexes, while AR order in the range from 13 to 25 does not affect absolute values of the spectral indexes.
Summary
There is disagreement related to choice of the autoregressive model order (ARMO) used in spectral analysis of the heart rate variability (HRV). Moreover, the estimation criteria of ARMO are based on the prediction error, but do not take the spectral indexes into account. This work assessed the influence of the ARMO on the spectral analysis of HRV. A sample of 68 R-R series obtained from digital ECG records (sampling rate of 250 Hz, 10 min) in young healthy adults in the supine position was used in the analyses. Very low (VLF, 0-0.04 Hz), low (LF, 0.04-0.15 Hz), and high (HF, 0.15-0.40 Hz) frequency bands, total power (TP, 0-0.40 Hz), and LF/HF ratio were computed for orders from 8 to 25. Absolute and normalized spectral indexes for each ARMO were compared by Friedman test followed by the Dunn's procedure. Statistical significance was set at Po0.05. Absolute values of VLF, LF, HF, and TP were different when ARMO was changed. However, normalized values of LF and HF, and LF/HF ratio remained unchanged within the range of ARMOs tested (9 to 25). Intraclass correlation coefficient (ICC) was used to evaluate the intra-individual reproducibility among ARMOs. An almost perfect reproducibility was found for both absolute and normalized LF and HF values, as well as for LF/HF ratio (ICC¼0.99, 0.99, and 0.84, respectively). Therefore the ARMOs from 9 to 25 produce similar normalized spectral indexes and, hence, the use of algorithms to estimate the optimum order of model is not mandatory for this purpose. 
